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Transparent conducting aluminum-doped zinc oxide thin films
for organic light-emitting devices
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Aluminum-doped zinc oxide~AZO! thin films ~;3000 Å! with low electrical resistivity and high
optical transparency have been grown by pulsed-laser deposition on glass substrates without a
postdeposition anneal. Films were deposited at substrate temperatures ranging from room
temperature to 400 °C in O2 partial pressures ranging from 0.1 to 50 mTorr. For 3000-Å-thick AZO
films grown at room temperature in an oxygen pressure of 5 mTorr, the electrical resistivity was
8.731024 V cm and the average optical transmittance was 86% in the visible range~400–700 nm!.
For 3000-Å-thick AZO films deposited at 200 °C in 5 mTorr of oxygen, the resistivity was 3.8
31024 V cm and the average optical transmittance in the visible range was 91%. AZO films grown
at 200 °C were used as an anode contact for organic light-emitting diodes. The external quantum
efficiency measured from these devices was about 0.3% at a current density of 100 A/m2. © 2000
American Institute of Physics.@S0003-6951~00!02603-6#
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Recently, zinc oxide or impurity-doped zinc oxide film
have been actively studied for use as a transparent cond
ing electrode material. Unlike the more commonly used
dium tin oxide~ITO!, zinc oxide~ZnO! is a nontoxic, inex-
pensive, and abundant material. It is chemically~and
thermally! stable under hydrogen plasma processes that
commonly used for the production of solar cells.1,2 ZnO is a
II–VI n-type semiconductor with a band gap of about 3.3
at room temperature and a hexagonal wurtzite structu3

Doping of ZnO films with Al, Ga, and In has been report
to improve their stability as well as their electric
properties.4–6 Among these doped ZnO films, Al-doped Zn
~AZO! films with about 0.5 at. % Al doping are reported
have low resistivities of 2 – 531024 V cm,4,6–10 which is
similar to what is observed for ITO films.11–13AZO films are
also wide band gap semiconductors (Eg53.4– 3.9 eV!,
which show good optical transmittance in the visible a
near-infrared~IR! regions. Due to these unique propertie
AZO films have been used as transparent conducting e
trodes in solar cells.1,2

There are several deposition techniques which have b
used to grow AZO thin films including chemical vapor dep
sition ~CVD!,2,7 magnetron sputtering,4,6,8 spray
pyrolysis,14,15and pulsed-laser deposition~PLD!.9,10 In com-
parison with other techniques, PLD provides several adv
tages. The composition of the films grown by PLD is qu
close to that of the target, even for multicomponent targ
PLD films crystallize at lower substrate temperatures due
the high kinetic energies~.1 eV! of the atoms and ionized
species in the laser-produced plasma.16 Also, the surface of
the films grown by PLD can be very smooth.11 ITO films,
grown by PLD, have been used as the anode contact in
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ganic light-emitting diodes~OLEDs!,11 however, there has
been no report on the use of PLD to grow AZO anodes
OLEDs. In this letter, the electrical and optical properties
AZO films deposited by PLD on glass substrates and
performance characteristics of OLEDs with AZO anodes
reported.

Films were deposited on glass substrates using a
excimer laser~Lambda Physics LPX 305, 248 nm and pul
duration of 30 ns!. Details of deposition are describe
elsewhere.11–13 The laser was operated at a pulse rate of
Hz. The laser beam was focused through a 50 cm fo
length lens onto a rotating target at a 45° angle of inciden
The energy density of the laser beam at the target sur
was maintained at 2 J/cm2. The target-substrate distance w
4.7 cm. The target was a 2-in.-diam by 0.25-in.-thick s
tered oxide ceramic disk~98 wt % ZnO and 2 wt % Al2O3,
99.99% purity! supplied by Target Materials, Inc. The su
strates were cleaned in an ultrasonic cleaner for 10 min w
acetone and then methanol. The deposition chamber was
tially evacuated to 131025 Torr and during deposition, oxy
gen background gas was introduced into the chambe
maintain the desired pressure.

The film thickness was measured by a stylus profilom
ter ~Tencor Alpha-Step 250!. The film resistivity was deter-
mined from the sheet resistance measurement by a four-p
probe technique. Hall mobility and carrier density measu
ments were made using the Van der Pauw method17 at room
temperature with a magnetic field strength of 5 kG. The o
tical transmission and reflectance measurements were m
using a UV-visible-near-IR spectrophotometer~200–3200
nm! @Perkin-Elmer Lambda 9#. X-ray diffraction ~XRD!
@Rigaku rotating anode x-ray generator with CuKa radia-
tion# was used to characterize the crystal structure of
films. Ultraviolet photoelectron spectroscopy~UPS! was
used to measure the work function of the films.

The electrical properties of the AZO films were me
il:
© 2000 American Institute of Physics
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sured as a function of target composition, with varying Al2O3

content~0–10 wt %!. It was observed that 2 wt % of Al2O3

in the target was the optimum composition to achieve
minimum film resistivity. Hence, the 2 wt % of Al2O3-doped
ZnO target was used to deposit AZO films in this work. W
have also performed the Hall effect measurements for
AZO films, all of which were observed to ben-type semi-
conductors. All the films deposited at room temperature w
found to be amorphous while the films grown at tempe
tures greater than 100 °C were found to be crystalline
highly c-axis oriented with only the~002! and ~004! reflec-
tions observed in the x-ray diffraction pattern.

The electrical and optical properties of AZO films we
measured as a function of the substrate deposition temp
ture and oxygen deposition pressure. The substrate de
tion temperature was found to have a significant effect on
electrical and optical properties of the AZO films. Figure
shows the variation of resistivity~r! and optical transmit-
tance~T! as a function of substrate deposition temperat
for the AZO films ~;3000 Å!. Deposition conditions othe
than substrate deposition temperature were maintained
stant for each film. The resistivity of the AZO films de
creases from 8.731024 to 3.831024 V cm as the substrat
deposition temperature was increased from 25 °C to 200
A slight increase in the resistivity is observed as the subst
deposition temperature is further increased from 200
400 °C. The initial decrease in resistivity with increase
deposition temperature can be attributed to an increase in
grain size of the AZO film from 120 to 180 Å with th
increasing growth temperature, thus reducing the gr
boundary scattering and increasing the conductivity. T
slight increase in resistivity of the films grown at high
deposition temperature~300–400 °C! may be due to con-
tamination of the alkali ions from glass substrates.18–20 It is
also observed that the optical transmittance increases slig
from 86% to 91% with an increase of the substrate temp
ture from 25 to 400 °C. This enhancement of optical tra
mittance is related to the improvement of the film crystall
ity with increasing the substrate deposition temperature

FIG. 1. Change in the electrical resistivity~r! and optical transmittance~T!
as a function of substrate deposition temperature for the AZO films. F
thickness was about 3000 Å for all films. Oxygen pressure was kept
mTorr during deposition. All transmittance values were determined as
average in the visible range from 400 to 700 nm.
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evidenced by a decrease in the width of the~002! XRD peak
and an increase in the intensity of the~002! peak with in-
creasing the substrate deposition temperature.

The oxygen deposition pressure was also found to af
the electrical and optical properties of the AZO films. Figu
2 shows the variation of electrical resistivity~r! and optical
transmittance~T! as a function of oxygen deposition pressu
for the AZO films ~;3000 Å!. The resistivity of the AZO
films deposited at 25 °C is very sensitive to oxygen press
Low resistivity AZO films are obtained for films deposited
pressures between 1 and 5 mTorr of oxygen. However,
resistivity of the AZO films deposited at 200 °C is less d
pendent on the oxygen deposition pressure. The decrea
resistivity with a reduction of the oxygen deposition press
from 50 to 5 mTorr can be explained by an increase in
number of oxygen vacancies in the AZO films. Decreas
the oxygen pressure from 50 to 5 mTorr increases the n
ber of oxygen vacancies in the film and thus increases
carrier concentration in the film and decreases the film re
tivity. However, this increase in carrier concentration a
leads to a decrease in the optical transmittance due to
increase in free carrier absorption. Figure 2 shows this
verse relationship between the resistivity and transmitta
of the AZO films. The optical transmittance increases w
increasing oxygen pressure for the AZO films grown at b
25 and 200 °C. This increase in the optical transmittanc
also related to the improvement of the film crystallinity wi
increasing the oxygen pressure since the width of the~002!
XRD peak decreased and the intensity of the~002! peak
increased with increasing oxygen pressure.

Figure 3 shows the current density–voltage–luminan
(J–V–L) characteristics of an OLED with an AZO anod
grown at 200 °C by PLD. The device structure used in t
study, shown in the inset of Fig. 3~a!, is made of a hole
transport layer~HTL, ;500 Å! of N, N* -diphenyl-N, N-bis
~3-methylphenyl!1,18-diphenyl-4,48diamine ~TPD!, and an
electron transport/emitting layer~ETL/EML, ;700 Å!, of
tris ~8-hydroxyquinolinolato! aluminum ~III ! (Alq3). The
cathode contact deposited on top of the ETL is an alloy

5
n

FIG. 2. Variation of electrical resistivity~r! and optical transmittance~T! as
a function of oxygen pressure for the AZO films grown at 25 and 200
Film thickness was about 3000 Å for all films. All transmittance values w
determined as an average in the visible range from 400 to 700 nm.j ~r,
200 °C!; d ~r, 25 °C!; h ~T, 200 °C!; s (T, 25 °C!.
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Mg:Ag ~ratio512:1 and a thickness of 1500 Å!. Details of
fabrication of a similar device are described elsewhere.21 The
active area of the device is;2 mm32 mm. The J–V–Ldata
were taken ~in a dry N2 atmosphere! using a Keithley
current/voltage source and a luminance meter~Minolta LS-
110!. The J–V–L characteristics of the
(AZO/TPD/Alq3/MgAg) diode show a typical diode behav
ior, with the current and power output observed only in t
forward bias. A voltage of;8.4 V was measured at a curre
density of ;100 A/m2. A luminance power efficiency o
;0.3 lm/W was observed at 100 cd/m2. A luminance of
;1000 cd/m2 was observed at 15 V and at a current dens
of ;1150 A/m2. As seen in Fig. 3~b!, the data forJ and L
superimpose quite well, in agreement with what is measu
with a reference device fabricated with a commercially d
posited ITO film ~supplied by Planar America!. However,
the external quantum efficiency measured from the AZO
vice washext.>0.3% at ;100 A/m2, which is lower than
those measured (hext.>1.0%) from the reference~ITO! de-
vice. This low efficiency is due to the low work functio
~;4.0 eV! of the AZO in comparison to that of commerci
ITO ~4.5–4.8 eV!. Similar work function value~4.23 eV!

FIG. 3. ~a! Current density–voltage–luminance (J–V–L) and ~b!
luminance–current density (L –J) characteristics of a heterostructure devi
schematically represented in the inset of~a!. An AZO film, grown by PLD
at 200 °C in oxygen pressure of 5 mTorr, was used as an anode conta
this device.
e

y

d
-

-

was reported for the Ga-doped ZnO film prepared by me
organic chemical vapor deposition~MOCVD!.22 Since the
highest occupied molecular orbitals~HOMO! of the TPD lies
;5.5 eV below vacuum, there is a significant energy bar
(DE'1.5 eV! for hole injection from the AZO to the TPD
layer.

In conclusion, AZO films have been deposited on gla
substrates by PLD. At the optimized conditions for minimu
resistivity and maximum transparency~200 °C and 5 mTorr
of oxygen!, the electrical resistivity of the AZO films wa
3.831024 V cm and the average optical transmittance in
visible range was 91%. The AZO films grown by PLD
200 °C were used as an anode contact to fabricate OLE
The external quantum efficiency measured from these
vices was about 0.3% at a current density of 100 A/cm2. This
low efficiency is due to the low work function~;4.0 eV! of
the AZO in comparison to that of commercially sputte
deposited ITO~;4.5 eV!. The low work function~;4.0 eV!
of AZO makes it an attractive candidate for use as the ca
ode in OLEDs. Work is in progress to investigate AZO as
cathode material. AZO is still desirable for commercial pr
duction of OLED electrodes because it is an inexpensive
nontoxic material.
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search~ONR!. The authors would like to thank Dr. Eri
Jackson for his help relating Hall effect measurements
Ray Auyeung for technical assistance.

1H. L. Hartnagel, A. L. Dawar, A. K. Jain, and C. Jagadish,Semiconduct-
ing Transparent Thin Films~Institute of Physics, Bristol, 1995!.

2J. Hu and R. G. Gordon, J. Appl. Phys.71, 880 ~1992!.
3D. R. Lide, Handbook of Chemistry and Physics, 71st ed.~CRC, Boca
Raton, FL, 1991!.

4T. Minami, K. Oohashi, S. Takata, T. Mouri, and N. Ogawa, Thin So
Films 193/194, 721 ~1990!.

5G. A. Hirata, J. McKittrick, J. Siqueiros, O. A. Lopez, T. Cheeks, and
Contreras, J. Vac. Sci. Technol. A14, 791 ~1996!.

6Y. Igasaki and H. Saito, J. Appl. Phys.70, 3613~1991!.
7S. Oda, H. Tokunaga, N. Kitajima, J. Hanna, I. Shimizu, and H. Koka
Jpn. J. Appl. Phys., Part 124, 1607~1985!.

8T. Minami, H. Sato, H. Natnto, and S. Takata, Jpn. J. Appl. Phys., Pa
24, L781 ~1985!.

9A. Suzuki, T. Matsushita, N. Wada, Y. Sakamoto, and M. Okuda, Jpn
Appl. Phys., Part 235, L56 ~1996!.

10M. Hiramatsu, K. Imaeda, N. Horio, and M. Nawata, J. Vac. Sci. Techn
A 16, 669 ~1998!.
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